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Differential cytoprotection by glycine against oxidant damage to prox-
imal tubule cells. Tert-butyl hydroperoxide (tBHP) injured freshly iso-
lated proximal tubules in an Fe-dependent fashion that was ameliorated
by a lipophilic antioxidant, diphenyl-p-phenylenediamine (DPPD), but
was only minimally affected by glycine. Menadionc-induced injury was
Fe-independent and was unaffected by DPPD, but was strongly blocked by
glycine. Fe was highly toxic when intracellular loading was facilitated by
concomitant treatment with hydroxyquinoline (HQ). This toxicity was
blocked by DPPD or chelating the Fe, hut not by glycine. All of the lesions
were characterized by severe depletion of glutathione and other soluble
thiols. Menadione induced large increases in protein associated with the
Triton-insoluble cytoskeleton and decreases in protein thiol content,
consistent with extensive cross linking, but did not increase thiobarbituric
acid reactive substances (TBARS). tBHP and HQ+Fe had either no effect
or only moderate, delayed effects on cytoskeletal proteins, but induced
substantial increases of TBARS. Glycine did not the alter changes in
cytoskeletal proteins, thiols, or TBARS produced by any of the agents.
Protection against tBHP toxicity by deferoxamine and DPPD was accom-
panied by substantial suppression of TBARS accumulation. Superimposi-
tion of hypoxia during tBHP exposure reduced TBARS accumulation and
restored cytoprotective activity to glycine. Thus, in contrast to its consis-
tently strong cytoprotcction against a number of other insults, glycine is
only variably cytoprotective against oxidant lesions in freshly isolated
proximal tubules. Extensive oxidative crosslinking of proteins is compati-
ble with maintenance of glycine cytoprotection against lethal membrane
damage. Fe-induced injury to proximal tubules associated with lipid
peroxidation as manifested by TBARS formation is a relatively glycine-
insensitive insult.
Oxidant and Fe-mediated processes are ubiquitous components
of diverse forms of tubule cell injury produced by toxins and
ischemia [1—5]. During the past several years it has become well
recognized that availability of glycine is a major determinant of
tubule cell susceptibility to acute, lethal plasma membrane dam-
age as manifested by the development of increased permeability
to small vital dyes and leakage of cytosolic enzymes [6—81. Since
glycine is generally present at cytoprotective concentrations in
vivo [9, 10], a full understanding of the mechanisms of various
insults and their impact on tubule cell structural and functional
integrity requires information about the impact of glycine on the
behavior. Also, since the primary mechanism of glycine action
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remains enigmatic, studies using insults with severe effects on
particular macromolecules such as oxidant-induced protein cross
linking and lipid peroxidation provide further opportunities to
gain insight into injury events that may be primarily targeted by
glycine.
Information on modification by glycine of oxidant-induced cell
injury is limited. We have described strong protection by glycine
against hydrogen peroxide-induced lethal plasma membrane dam-
age in cultured endothelial [ii] and MDCK [12] cells. However,
relatively small or no effects of glycine were seen during tert-butyl
hydroperoxide (tBHP)-induced injury to freshly isolated hepato-
cytes [113] or proximal tubules [14].
Since tBHP-induced injury is one of the classical, oxidant and
Fe-mediated insults [13, 15—20], that is, well characterized in
isolated proximal tubules [14, 21—23], and the existing hepatocyte
[13] and proximal tubule [14] reports indicated that it represented
the unusual case of a largely glycine-insensitive insult, we used
tBHP as a starting point to further examine the impact of glycine
cytoprotection on oxidant-induced tubule cell injury. The results
of the tBHP experiments in combination with additional studies
done using menadione and intracellular Fe-loading indicate that,
in contrast to its consistently strong cytoprotection against a
number of other insults, glycine is only variably cytoprotective
against oxidant insults to freshly isolated proximal tubules and
that lesions characterized by Fe-induced injury and lipid peroxi-
dation are resistant to the cytoprotective effect of glycine. The
data also provide new insight into the nature of several forms of
oxidant injury to fully differentiated proximal tubules.
Methods
Isolation of tubules
Proximal tubules were prepared from kidney cortex of female
New Zealand white rabbits (1.5 to 2.0 kg; Oakwood Farms,
Oakwood, MI, USA) by collagenase digestion and centrifugation
on self-forming Percoll gradients [6, 9, 24]. Final tubule pellets
were resuspended at a concentration of 4 to 5.5 mg tubule
protein/ml in ice cold medium gassed with 95% 02/5% CO2. The
medium contained (in mM) 105 NaCI, 2.6 KCI, 25 NaHCO5, 2.4
KH2PO4, 1.25 CaCI2, 1.2 MgCl2, 1.2 MgSO4, 5 glucose, 4.5
sodium lactate, 1 alanine, and 10 sodium butyrate.
Basic experimental design
Flasks were warmed to 37°C and preincubated for 15 minutes,
then tubules were gently pelleted and resuspended in fresh,
845
846 Sogabe et at: Glycine and oxidant damage
gassed medium containing (in mM) 110 NaCI, 2.6 KC1, 25
NaHCO3, 2.4 KH2PO4, 1.25 CaC12, 1.2 MgCI2, 1.2 MgSO4, 5
glucose, 4 sodium lactate, 0.3 alanine, 5.0 sodium butyrate and any
desired experimental additions. Suspensions were then regassed
either with 95% 02/5% CO2 or, for hypoxia studies, 95% N2/5%
C02, and were incubated for 60 or 120 minutes. prior to sampling
for metabolic and structural parameters.
Measurement of lethal membrane damage by lactate
dehydrogenase (LDH) release
LDH activity was determined on samples of the whole suspen-
sion before and after the addition of 0.1% Triton X-100 as
described [25]. The method provides measurements of both free
and total LDH activity in each sample, which both allows an
assessment of whether any experimental maneuver has affected
LDH activity and corrects for any such effect because free activity
is factored for total activity of the same sample in the calculation
of percent LDH release. This issue is a particular consideration in
the current studies because of the potential for oxidant insults to
affect enzyme activity [26, 27]. Among the maneuvers studied,
such an effect was observed only for menadione where, consistent
with recent observations by Nath et al [27], total LDH activity was
reduced by 27.8 2.3% (N = 19).
Determination of cell A TP, glutathione, non-protein sulfhydiyls,
and thiobarbituric acid reactive substance (TBARS)
A 0.5 ml aliquot of the tubule suspension was mixed with an
equal volume of ice cold 12% trichloroacetic acid (TCA), then the
mixture was centrifuged at 16000 g for five minutes. The pellet was
saved for assay of total protein using bovine serum albumin for
the standard as previously [25]. The supernatant was neutralized
with tri-N-octylamine/Freon [251 and used for all the other
determinations. ATP was measured by reverse phase HPLC [6].
Total glutathione [reduced (GSH) + glutathione disulfide
(GSSG)} was measured by a kinetic assay using glutathione
reductase [25]. Nonprotein sulthydryls, which includes both GSH
and free cysteine as would be derived from its breakdown, were
assayed using dithionitrobenzene by the method of Sedlak and
Lindsay [28]. Thiobarbituric acid reactive substances (TBARS)
were measured as described by Ottolenghi [29] using malondial-
dehyde generated from hydrolysis of 1,1,3,3-tetraethoxypropane
as the standard.
Determination of sulfhydiyl content of total cell protein and a
cytoskeletal fraction
A sample of total cell protein was collected by precipitation
with TCA as described above for determination of ATP and other
solutes. The precipitate was dissolved in 0.5 M Tris, pH 8.8, 5 msi
EDTA and 1% SDS and used immediately for assay of suithydryl
content with dithionitrobenzene by the method of Sedlak and
Lindsay [28] and for total protein using hicinchoninic acid (Pierce,
Rockford, IL, USA). A Triton-insoluble cytoskeletal pellet was
obtained by pelleting the tubules at 16000 g to remove the
incubation medium, then resuspending the pellet by brief sonica-
tion in an extraction medium containing 40 mrvi KC1, 5 ms EGTA,
5 mM MgCl2, 50 mivi Tris-HC1, pH 7.5, and 1% Triton X-100 for
20 minutes at 4°C [301. This suspension was then centrifuged for
20 minutes at 4000 g to obtain the cytoskeletal pellet, which was
washed twice in the same extraction medium, dissolved in 0.5 M
Tris, pH 8.8, 5 mrvi EGTA, 1% SDS, then used for assay of total
protein using bicinchoninic acid and sulfhydryl content as de-
scribed for the total suspension samples.
Reagents
Reagents were from Sigma (St. Louis, MO, USA) unless
otherwise indicated and were of the highest grade commercially
obtainable. tBHP (Aldrich, Milwaukee, WI, USA) and deferox-
amine were dissolved directly in the experimental medium at the
final desired concentrations. Menadione was added from a 180X
concentrated stock solution in ethanol. Hydroxyquinoline was
added from a 5000x stock solution in ethanol. DPPD was added
from a l000x stock solution in DMSO. Ferrous ammonium
sulfate and glycine were from 5000x and lOOX aqueous stock
solutions, respectively. None of the vehicles by themselves influ-
enced tubule behavior at the concentrations used.
Statistics
All experiments consisted of multiple groups and were analyzed
statistically by analysis of variance for repeated measure or
independent group designs as most appropriate. Individual group
comparisons were then made using the Neuman-Keuls test for
multiple comparisons (SigmaStat, Jandel Scientific, San Rafael,
CA, USA). P < 0.05 was considered to be statistically significant.
Numbers given are the numbers of separate tubule preparations
studied.
Results
tBHP-induced injury
Figure 1 summarizes the dose dependence and time course
tBHP-induced lethal membrane damage to isolated proximal
tubules as measured by LDH release. Injury was progressive over
120 minutes with relatively small differences between the lowest
(0.5 mM) and highest (5.0 mM) concentrations of tBHP tested.
To evaluate the extent to which tBHP-induced injury could be
ameliorated by glycine and other agents, we assessed both 1.0 and
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Fig. 1. Dose dependence and time course of LDH release in tBHP-treated
tubules. Symbols are: (•) 0.5 mM; (A) 1.0 mM; (A) 2.5 mM; (U) 5.0 mM; (0)
control. Values are means SE for N = 3 to 5.
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Fig. 2. Modification of tBHP-induced injuy by glycine and other agents.
Tubules were treated with either (U) 1.0 m or () 5.0 mrvi tBHP with no
further additions (NFA), the Fe-chelator, deferoxamine (1 mi, DEF), the
lipophilic antioxidant, diphenyl-p-phenylenediamine (2 .tM, DPPD), or
glycine (5 ms, GLY). Values are means SE for N = 5 *p < 0.05 or less
versus NFA, #P < 0.05 or less versus corresponding 1 mvt group.
5.0 mM concentrations of tBHP during 120 minutes of exposure
with potential modifying agents (Fig. 2). Glycine (5 mM, GLY)
only slightly decreased LDH release compared to tubules with no
further additions (NFA) at both tBHP concentrations at 120
minutes (Fig. 2), and also had only a small effect against the lesser
degree of injury measured at 60 minutes (not shown). The
Fe-chelator, deferoxamine (1 mM, DEF), was highly protective
against both concentrations of tBHP. The lipophilic antioxidant,
diphenyl-p-phenylenediamine (2 j.LM, DPPD) [18, 19, 31, 32], was
also highly protective although somewhat less effective against 5
mM tBHP (Fig. 2). In additional studies we found that deferox-
amine was also completely protective when delivered at a 20 mM
concentration during 60 minutes of preincubation followed by a
double wash, and then 5 ms't tBHP (percent LDH release during
120 mm with tBHP, 80.5 6.7; after preincubation with deferox-
amine, 11.7 0.03, N = 3, P < 0.05). The results are consistent
with previously reported roles for Fe and lipid peroxidation in
tBHP-induced damage in multiple cell types including proximal
tubules [13—23], and suggest that either or both of these processes
may induce injury that is not highly amenable to glycine cytopro-
tection.
Menadione-induced injury
The quinone, menadione, is highly toxic by virtue of both the
generation of reactive oxygen species during its redox cycling by
mitochondria and endoplasmic reticulum as well as direct aryla-
tion of proteins [32—37]. importantly, the intrinsic antioxidant
effect of menadione strongly suppresses lipid peroxidation [31—
33]; the oxidant insult is most profoundly reflected by extensive
protein cross linking [30, 32, 37—41]. Tubules exposed to 500 1kM
menadione for 60 minutes developed extensive lethal membrane
damage that was strongly suppressed by glycine (5 ms, GLY), but
was not affected by deferoxamine (1 mM) or DPPD (2 ixtvl; Fig. 3).
Hydroxyquinoline plus Fe-induced injury
To further assess the role of Fe more directly, we then studied
the toxicity of 10 .LM ferrous ammonium sulfate added alone (Fe
ONLY) or, to promote cellular Fe-loading [42], various concen-
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Fig. 3. Modification of menadione-induced injury by glycine and other
agents. Tubules were treated for 60 minutes with 500 /LM menadione with
no further additions (NFA), or deferoxamine (1 msi, DEF), or diphenyl-
p-phenylenediamine (2 .LM, DPPD), or glycine (5 msi, GLY; time
control—CONT). Values are means SE for N = 4, < 0.05 or less
versus NFA group.
trations of ferrous ammonium sulfate (0.1, 1.0, and 10.01kM) were
added in combination with 8-hydroxyquinoline (HO, 10 jxM; Fig.
4). Tubules were preincubated with the test agents for 15 minutes
(during which increased LDH release did not occur, % free LDH
in controls, 7.2 0.1; after 15 mm, HQ+ 10 xM Fe, 9.0 0.9, N =
4, P = NS) then were washed and incubated for an additional 60
minutes. Fe alone (FE ONLY) was not toxic, HO alone (HO
ONLY) produced mild injury. Substantial injury was produced by
the combination of HQ+Fe as a function of the amount of Fe
provided. Glycine, which was present during both the HQ+Fe
loading period, and the subsequent 60 minutes had no effect on
this injury. Injury due to both HO alone and HQ+Fe was
prevented by the presence of 1.0 mivi deferoxamine during the
loading period (hatched bars, Fig. 4); however, the same concen-
tration of deferoxamine was not effective when added after the
loading period (not shown). After the loading period, 20 msi
deferoxamine was added and significantly decreased the LDH
release during the subsequent 60 minutes (from 49.5 3.8% to
28.9 4.0%, N = 4, P < 0.05). Thus, tubules showed a high
sensitivity to Fe-induced injury when Fe was added in the
presence of hydroxyquinoline, and this lesion was unaffected by
glycine.
Cellular indices of oxidant damage
To better define the cellular targets of these oxidant insults in
the isolated tubules, we then assessed several indices of oxidant
effects on cellular proteins and lipids. Tubules were treated for 60
minutes with menadione (MEN, 500 jiM), tBHP (5 m'vi),
hydroxyquinoline+Fe (10 jiM each, HQ+Fe), or hypoxia
(HYPOX) followed by measurement of LDH release (Fig. 5A),
protein recovery in a low speed Triton-insoluble cytoskeletal
fraction (Fig. SB), total cellular protein sulfhydryls (Fig. SC),
cytoskeletal fraction protein sulfhydryls (Fig. SD), non-protein
sulfhydryl content (Fig. SE) total (GSH+GSSG) glutathione (Fig.
5F), TBARS (Fig. 5G), and ATP (Fig. 5H).
Consistent with the Figure 3 studies and its well known action
on hypoxic injury, giycine was highly protective against menadione
and hypoxia-induced injury, but, as in the Figure 1 and 2 studies,
not against injury produced by tBHP or HQ+Fe (Fig. 5A).
Menadione induced a significant increase in cytoskeletal protein
that was not altered by glycine (Fig. SB). None of the other
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Fig. 4. Toxicity of Fe. Tubules were treated with
10 jLM ferrous ammonium sulfate (Fe ONLY) or
8-hydroxyquinoline (HO ONLY) or various
concentrations of ferrous ammonium sulfate (0.1,
1.0, and 10.0 JLM) were added in combination
with 8-hydroxyquinoline (HO, 10 fLM). Tubules
were preincubated with the test agent for 15
minutes and then were washed and incubated for
an additional 60 minutes. Deferoxamine (1.0 mM)
was added together with the HQ and Fe. Glycine
(5 mM) was present with the HO and Fe and
during the subsequent 60 minutes of incubation.
Values are means SE for N = 4, *p < 0.05 or
less versus corresponding CONTROL. Symbols
are: (LI) no further addition; () 1.0 mM
deferoxaminc; (U) 5.0 ms'i glycine.
maneuvers increased cytoskeletal protein. Menadione signifi-
cantly decreased total and cytoskeletal protein sulthydryls (Figs. 5
C, D). HQ+Fe had a smaller effect limited to the cytoskeletal
fraction. The changes in protein thiols were not modified by
glycine.
In controls, glutathione accounted for 80% of nonprotein thiols
(compare glutathione level in Fig. SF with nonprotein sulfhydryl
level in Fig. 5E). In hypoxic tubules, glutathione was severely
depleted, but nonprotein sulfhydryls were not significantly de-
creased (Fig. S E, F). Menadione, tBHP, and HQ+Fe all substan-
tially decreased both nonprotein sulfhydryls and glutathione (Figs
5 E, F). Glycine did not affect the changes in glutathione or
nonprotein sulfhydryls under any of the conditions.
Large increases of TBARS were measured in the tBHP-treated
tubules with smaller, but still substantial changes after HQ+Fe
(Fig. 5G). No increases of TBARS were found in menadione-
treated or hypoxic tubules. Glycine did not ameliorate any of the
increases in TBARS; rather, the amino acid significantly enhanced
the increases induced by tBHP (Fig. 5G). Severe ATP depletion
developed under all of the experimental conditions and was not
modified by glycine (Fig. SH).
Figure 6 summarizes the results of studies comparing the effects
of glycine, DPPD, and deferoxamine on the cellular indices of
oxidant damage in tBHP-treated tubules. Tubules were treated
for 120 minutes with either 5 mat tBHP and no further additions
(NFA) or tBHP in combination with 5 mat glycine (GLY), 2 j.LM
DPPD, or 1 mrvi deferoxamine (DEFER). During the 120 minutes
of exposure, glycine had a small but significant effect to decrease
LDH release (Fig. 6A). DPPD was strongly but incompletely
protective, while deferoxamine was completely protective (Fig.
6A). In contrast to the 60 minutes of exposure results shown in
Figure 5, 120 minutes of exposure to tBHP produced a small but
significant increase in cytoskeletal protein that was not modified
by any of the protective maneuvers (Fig. 6B). Both total protein
and cytoskeletal protein sulfhydryls were significantly decreased
by tBHP at 120 minutes. (Fig. 6 C, D). These changes were not
affected by glycine, but were completely blocked by DPPD and
deferoxamine (Fig. 6 C, D). tBH P-induced decreases of non-
protein sulfhydiyls and glutathione during 120 minutes of expo-
sure were not affected by glycine. They were modestly, hut
significantly, ameliorated by DPPD, and were more substantially
ameliorated by deferoxamine (Fig. 6 E, F). As in the 60 minute
study (Fig. 5), tBHP-induced increases of TBARS were enhanced
by glycine (Fig. 6G). The tBHP-induced increments in TBARS
were substantially reduced by DPPD and were completely elimi-
nated by deferoxamine (Fig. 6G). DPPD partially preserved cell
ATP and deferoxamine maintained completely normal concentra-
tions of the nucleotide (Fig. 6H).
Modification by hypoxia of glycine cytoprotection during
oxidant insults
The elevated TBARS levels shown for them in Figures 5 and 6
suggest that both of the insults associated with glycine-insensitive
injury, that is, tBHP and HQ+Fe, were accompanied by increased
lipid peroxidation. The pathophysiologic relevance of this lipid
peroxidation is further suggested by the observations that DPPD
strongly protected against tBHP toxicity (Fig. 5) and a similar
protective action of DPPD with the HQ+Fe lesion (LDH release
with HQ+Fe, 67.7 0.05%; significantly greater than with
HQ+Fe+DPPD, 14.8 1.6%, N = 3). To further assess this
issue, we tested the effect of superimposing hypoxia on tBHP and
HQ+Fe in the presence of glycine based on the rationale that
hypoxia would provide an alternate means of limiting tBHP-
induced lipid peroxidation [16] without the potential for compli-
cating factors induced by any nonspecific effects of chemical
antioxidants and their vehicles. Without tBHP or HQ+Fe, 120
minute hypoxic tubules in the presence of glycine had an LDH
release of 16.8 1.4%, which was significantly, but only minimally
greater than the time control values of 11.4 1.7% and 11.5
1.5% without and with glycine, respectively (N = 5). As shown in
Figure 7, hypoxia markedly reduced TBARS production after
tBHP and substantially restored the cytoprotective effect of
glycine. That TBARS production was not completely suppressed
in this experiment is likely due to the use of hypoxic rather than
completely anoxic conditions. Hypoxia had a much smaller effect
on TBARS production after HQ+Fe and did not restore glycine
cytoprotcction in that setting (Fig. 7). ATP levels were severely
and equivalently decreased in all experimental groups (Fig. 7).
The restoration of glycine cytoprotection by hypoxic suppres-
sion of TBARS production after tBHP suggested that glycine
*
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Fig. 5. Indices of intracellular oxidant effects. Tubules were treated for 60 minutes. with menadione (MEN, 500 jsM), tBHP (5 mM), hydroxyquinoline+Fe
(10 jLM each, HQ+Fe), or hypoxia (HYPOX). Each condition was studied in the absence of glycine (—GLY, ) or in the presence of 5 mM glycine
(+GLY, U). TC indicates time controls. (A) LDH release. (B) Protein recovery in a low speed Triton-insoluble cytoskeletal fraction. (C) Total cellular
protein sulfhydryls. (D) Cytoskeletal fraction protein sulfhydryls. (E) Non-protein sulfhydryl content. (F) Total (reduced+oxidized) glutathione. (G)
Thiobarbituric reactive substances (TBARS). (H) ATP. Values are means SE from four experiments, *p < 0.05 or less versus time control, #P < 0.05
or less versus corresponding —GLY group.
would also be effective under the 5 mrvt tBHP treatment condition
where DPPD was incompletely protective (Figs. 2 and 6) and ATP
depletion was developing despite suppression of TBARS forma-
tion (Fig. 6). In five paired experiments to test this possibility, 5
mM glycine significantly decreased the percent of LDH release at
120 minutes in the presence of 5 mrvi tBHP and 2 /.tM DPPD from
37.3 7.4 to 23.0 2.8 (mean SE). The respective ATP values
(nmol/mg protein) in these experiments were 2.1 1.2 and 2.6
1.5 (P NS); the respective MDA values (nmol/mg protein) were
0.22 0.02 and 0.39 0.04 (P NS).
Discussion
These studies have assessed the susceptibility of freshly isolated
rabbit proximal tubules to three different oxidant insults, the
behavior of major intracellular targets of oxidant injury, and the
modifying effects of antioxidant maneuvers and glycine in each
setting. tBHP-induced injury was Fe-dependent, associated with
evidence for lipid peroxidation, and ameliorated by the lipophilic
antioxidant, DPPD, but only minimally affected by glycine. Men-
adione-induced injury, which was Fe-independent in these cells
and was accompanied by extensive protein cross linking but not 1
lipid peroxidation, was strongly blocked by glycine. Facilitation of
intracellular loading of Fe by concomitant exposure to hy-
droxyquinoline markedly facilitated its toxicity, which, like the
tBHP lesion, was associated with lipid peroxidation and was also
not blocked by glycine.
Toxicity of the organic hydroperoxide, tBHP, has been exten-
sively studied in both hepatocytes and isolated proximal tubules
[13—231. It is especially useful as an experimental oxidative insult
in the proximal tubules because they are relatively resistant to
acute injury by hydrogen peroxide [43]. Damaging effects of tBHP
derive from both major pathways of its intracellular metabolism.
Metabolism by glutathione peroxidase to tert-butyl alcohol leads
to conversion of GSH to GSSG, thus impairing a major intracel-
lular antioxidant mechanism, and also results in extensive oxida-
tion of pyridine nucleotides [44, 45]. Fe2-cata1yzed metabolism
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Fig. 6. Effects of glycine, DPPD, and deferoxamine on cellular indices of oxidant damage in tBHP-treated tubules. Tubules were treated for 120 minutes.
with either 5 mai tBHP with no further additions (NFA) or tBHP in combination with 5 mu glycine (GLY), 2 .rM dipbenyl-p-phenylenediamine (DPPD),
or 1 mM deferoxamine (DEFER). TC indicates time controls. (A) LDH release. (B) Protein recovery in a low speed Triton-insoluble cytoskeletal
fraction. (C) Total cellular protein sulfhydryls. (D) cytoskeletal fraction protein sulfhydryls. (E) Non-protein sulfhydryl content. (F) Total
(reduced+oxidized) glutathione. (G) Thiobarbituric acid reactive substances (TBARS). (H) ATP. Values are means SE from four experiments, J3 <
0.05 or better versus time control, #P < 0.05 or better versus the NFA group.
produces t-butoxy, t-butylperoxy and hydroxyl radicals that can
initiate lipid peroxidation and oxidative protein damage [16—19].
Isolated proximal tubules treated with 0.25 to 4.8 m concen-
trations of tBHP develop progressive GSH depletion [22] and
accumulation of TBARS [2 1—231 that are followed after 30
minutes by ATP depletion [21] and LDH release that reaches 35
to 45% at 60 minutes [221. TBARS accumulation and LDH
release can be prevented by deferoxamine [22] or antioxidants
[22]. All of these characteristics were evident in the present
studies, which also extended the period of observation to 120
minutes of exposure, allowing fuller expression of toxicity and
assessment of the robustness of protection.
The powerful protection against 1BHP afforded by deferox-
amine, which included both complete suppression of TBARS
accumulation and maintenance of normal ATP levels during 120
minutes of exposure to 5 mat tBHP, is consistent with the critical
role of Fe in the toxic activation of tBHP. Although deferoxamine
at high concentrations can have antioxidant effects in addition to
its chelating actions [46, 47], the major role for Fe chelation in
suppression of proximal tubule injury is suggested by the obser-
vations here and in a prior report [22] that pretreatment with
deferoxamine followed by washing, which removes most of the
deferoxamine after Fe depletion has taken place [48], is just as
effective as continued exposure. Deferoxamine ameliorated, but
did not entirely eliminate tBHP-indueed decreases of glutathione.
These decreases largely represent changes of GSH, since GSSG
accumulates to only low levels in tubules under these conditions
[22]. Loss of GSH despite protection by deferoxamine is expected
since metabolism of tBHP by glutathione peroxidase is not Fe
dependent [44, 45].
Unlike deferoxamine, the lipophilie antioxidant, DPPD, did not
improve all metabolic parameters. TBARS accumulation was
suppressed, but severe depletion of glutathione, and nonprotein
sulfhydryls, and substantial decreases of ATP occurred. That
relatively selective suppression of TBARS by DPPD was sufficient
to confer substantial protection suggests that lipid peroxidation is
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a major factor initially accounting for the glycine-insensitive LDH
release in the tBHP model. This conclusion is further supported
by the experiments showing that partial suppression of TBARS
accumulation by hypoxia restored glycine cytoprotection despite
continuing profound ATP depletion as expected from the hypoxic
insult. This observation, along with the experiments showing
additive effects of glycine and DPPD suggests the presence of
distinct pathways for membrane damage produced by ATP deple-
tion (glycine suppressible) and lipid peroxidation (glycine resis-
tant). The distinction between the glycine-suppressible injury seen
during ATP depletion produced by hypoxia and the Fe and lipid
peroxidation-associated tBHP insult is further emphasized by the
absence of cytoprotective effects of deferoxamine and DPPD
against hypoxic injury to the isolated rabbit tubules [61. It is also
of interest that glycine significantly increased TBARS accumula-
tion during tBHP treatment. Whether this reflects an action to
promote lipid peroxidation or to modify metabolism of TBARS
resulting from it will require further studies.
The menadione observations provide several informative con-
trasts with the tBHP data. We chose to assess menadione based
on information from extensive prior observations with hepato-
cytes where it produced an Fe-dependent [32, 48], oxidant insult
characterized by extensive oxidative damage to proteins [30, 32,
37—41], but without lipid peroxidation [31—331. Menadione under-
goes one electron reduction to form a semiquinone radical that
can react directly with proteins or nucleic acids or participate in a
redox cycle with generation of superoxide, which in turn serves as
a source of hydrogen peroxide and hydroxyl radical [33—36].
Alternatively, two electron reduction of menadione yields the
hydroquinone, which is more stable, but still subject to autoxida-
tion [33—35]. These processes result in rapid oxidation of GSH
and pyridine nucleotides and depletion of protein thiols [32, 33,
37—39]. However, because menadione also has intrinsic antioxi-
dant properties [491, lipid peroxidation does not occur [31—33].
Loss of protein thiols results from a combination of arylation of
proteins, formation of glutathione mixed disulfides, and oxidative
cross linking with the latter two effects accounting for about 80%
of the change [32, 37]. All classes of cytoskeletal proteins, most
prominently microfilaments and microtubules, are involved in the
oxidative cross linking [30], which is manifested by substantially
increased protein recovery in detergent-insoluble cytoskeletal
fractions [40, 50].
All of the major characteristics of menadione action were
evident in the tubule system as implemented. Both total glutathi-
one and nonprotein sulfhydryls were markedly decreased, while
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Fig. 7. Effect of superimposing hypoxia during tB HP or HQ +Fe treatment in the presence of glycine. Tubules were treated for 120 minutes with 5 mM tBHP
plus 5 mi glycine or for 60 minutes with hydroxyquinoline+Fe (10 !.LM each, HQ+Fe) plus 5 mi glycine in either the normal 95% 02/5% C02-gassed
medium or in hypoxic medium produced by gassing with 95% N2/5% CO2 (+ H). (A) LDH release. (B) Thiobarbituric acid reactive substances
(TBARS). (C) Cell ATP. Values are means SE from 4 to 5 experiments, *P < 0.05 or better versus time control, #P < 0.05 or less versus corresponding
oxygenated condition.
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TBARS were not significantly changed. Recovery of Triton-
insoluble cytoskeletal protein was doubled and the sulfhydryl
content of the cytoskeletal fraction was decreased by 41%. Total
cell protein sulfhydryls were decreased by 29%. Changes in the
protein parameters were also observed after tBHP, however, they
were only seen at the 5 m concentration of the toxin and were
less severe than those produced by menadione. After 5 mivi tBHP,
protein content of the cytoskeletal fraction was increased by 72%,
while cytoskeletal and total protein sulfhydryls were decreased by
29% and 17%, respectively. Interestingly, the protein sulthydryl
changes produced by 5 mvi tBHP were prevented by DPPD, which
is consistent with work using hepatocytes and hepatocyte micro-
somal membranes suggesting that protein thiol depletion can
occur secondary to lipid peroxidation [321. The greater effects of
menadione on protein thiols, however, occur in the absence of
lipid peroxidation and are likely due to a combination of arylation,
cross linking and formation of mixed disulfides as described for
menadione-treated hepatocytes [32, 37].
The failure of DPPD to modify LDH release in the menadione-
treated tubules is similar to its lack of effect in hepatocytcs [481
and consistent with the absence of a role for lipid peroxidation in
the insult. Deferoxamine was also not protective for the menadi-
one treated tubules, which differs from the behavior of hepato-
cytes where deferoxamine suppressed LDH release without pre-
venting glutathione oxidation or loss of protein thiols [32, 48].
Thus, the menadione insult to the tubules was independent of
both Fe and lipid peroxidation and, unlike tBHP toxicity which
prominently involved both of those factors and was largely
insensitive to glycinc, glycine was highly cytoprotective against
menadione in the tubules. This cytoprotection by glycine was not
accompanied by amelioration of any of the other indices of
menadione effect, that is, the extent of loss of total glutathione,
nonprotein sulfhydryls, protein sulfhydryls, and ATP and the
increases in cytoskeletal protein produced by menadione were
identical in the presence and absence of glycine. Thus, protection
by glycine was not due to interference with menadione activation
or intracellular toxicity. The persistence of glycine cytoprotection
despite the extensive protein alterations in the menadione-treated
cells is remarkable and merits further consideration with regard to
the possibilities for glycine-related alterations in protein confor-
mation that could account for the membrane actions of glycine
that underlie its cytoprotective effects.
Intracellular Fe loading and Fe-mediated oxidant toxicity can
he promoted by delivering the Fe together with hydroxyquinoline,
which acts as a lipophilic carrier [42]. We have previously used this
approach in studies of glycine cytoprotection against hydrogen
peroxide and neutrophil-induced injury in human umbilical vein
endothelial cells (11, 51]. In the present studies, tubules treated
with 10 xM hydroxyquinoline became markedly Fe-sensitive as
shown by the deferoxaminc-suppressible increase of LDH release
seen after treatment with hydroxyquinoline alone. This likely
results from an effect of hydroxyquinoline to promote uptake of
contaminating medium Fe or redistribution of endogenous intra-
cellular Fe to sites where it is more toxic. Further addition of as
little as 0.1 IxM exogenous Fe led to a significant increment in
LDII release and 10 JxM Fe produced extensive injury. Injury also
did not require the continued presence of HQ+Fe and was
resistant to addition of deferoxamine after the exposure to
HQ+Fe. These characteristics of injury are similar to those
described recently for tubules isolated after glycerol-induced
myohcmoglobinuria in vivo where isolated tubules showed pro-
gressive damage during incubation in vitro despite washout of
heme pigments during their preparation and deferoxamine was
fully protective only if it was available during the collagenase step
of the tubule isolation procedure while the heme pigments were
present [52].
The HQ+Fe-induced lesion was characterized by depletion of
both glutathionc and non-protein suithydryls, significantly in-
creased TBARS albeit to a much lesser extent than seen with
tBHP, and a moderate decrease in protein sulfhydryls that was
evident only in the cytoskeletal fraction. This loss of cytoskeletal
sulfhydryls was likely due to formation of mixed disulfides rather
than crosslinking because protein recovery in the cytoskeletal
fraction was not concomitantly increased. As was the case for the
Fe-dependent tBHP lesion, glycine did not provide appreciable
cytoprotection against HQ+Fe. With tBHP, Fe is responsible for
the initial activation of the exogenous toxin [16—19]; the HQ+Fe
insult may better correspond to naturally occurring forms of
Fe-mediated injury which involve endogenously-generated oxidiz-
ing species. The failure of glycine to protect is consistent with the
lack of effect glutathione in a different model of Fe toxicity
produced by treatment with millimolar levels of Fe2 [4] and with
a more recent report showing lack of efficacy of glutathione and
glycine to ameliorate injury in tubules isolated after glycerol-
induced myohemoglobinuria [52]. The absence of glycine cytopro-
tection in the HQ+Fe-treated tubules reflects processes specific
to the proximal tubule cells rather than to the insult per Se or to a
unique effect of Fe on the glycine target because glycine was
highly protective for HQ+Fe-treated endothelial cells [111 and
also for MDCK cells [121.
The question arises as to whether it is lipid peroxidation that is
responsible for the glycine-insensitive insult or another toxic effect
of activated Fe species [53—5 5]. The finding of glycine cytoprotec-
tion against menadione could have been pertinent to this issue
had the menadione insult been Fe-dependent, but lipid peroxida-
tion independent as reported for hepatocytes [31—33, 481. How-
ever, the tubule lesion proved to be Fe-independent. Fe-associ-
ated tubule injury can be dissociated from both TBARS and
hydroxyl radical production [4, 52, 56]. In the present studies, both
Fe-dependent lesions were associated with increased TBARS
production, however, the TBARS levels reached were much less
after l-IQ+Fe than after tBHP. In fact, the TBARS levels in the
HQ+Fe-injurcd tubules were no greater than those in tBHP plus
DPPD-treated tubules that were still highly protected. These
observations as well as the other studies that have dissociated
TBARS levels and Fe-mediated tubule injury [4, 52, 56] must be
interpreted cautiously with respect to the role of lipid peroxida-
tion because TBARS may have been differentially metabolized
[57] in the various models and may also reflect production at
different intracellular sites with different contributions to injury
depending on the mode of delivery of the Fe. That the lipophilic
antioxidant, DPPD, was highly effective against both Fe-depen-
dent lesions in the present studies favors a role for lipid peroxi-
dation in these glycine-insensitive insults.
Oxidant injury is complex and involves multiple processes in
addition to those responsible for the acute lethal plasma mem-
brane damage measured by the LDH release used as an end point
in our studies. There are also likely to he contributions to this
acute injury by other events such as DNA damage [5, 58, 59] that
we have not evaluated, and that would ultimately limit cell survival
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despite the short-term preservation of plasma membrane integ-
rity. Moreover, the insults used were artificial and relatively
extreme. However, to the extent that protection occurs despite
severe expression of a particular event or never occurs in its
presence, this approach has the advantage of allowing a relatively
clean test of the involvement of pathophysiologic processes in a
critical injury event. The persistence of strong glycine cytoprotec-
tion despite the oxidative protein damage induced by menadione
and the absence of glycine cytoprotection in the Fe-mediated
insults likely involving lipid peroxidation are two such findings
that emerge from the present studies.
The lack of glycine cytoprotection against Fe-mediated events
taken together with the prior similar, but less extensively charac-
terized, findings in other Fe-injury models [4, 52] may be relevant
to understanding the resistance of the kidney to Fe-mediated
insults such as those during myoglobinuric acute renal failure in
vivo. Glycine is normally abundant in the kidney [9, 101 and may
be a critical determinant of the normal resistance of tubule cells to
acute insults. Consistent with this are recent findings that glycine
supplementation can ameliorate in vivo proximal tubular injury
during conditions where glycine depletion occurs [60], but is of no
benefit in models such as clamp ischemia [61, 621, where glycine
levels are relatively well preserved [10]. The present studies
suggest that the Fe-mediated, lipid peroxidation-associated com-
ponent of proximal tubule cell injury during myohemoglobinuric
acute renal failure [56, 63, 641 and other forms of toxic nephrop-
athy where these factors play a role [65] defines a boundary of
glycine cytoprotection that may help account for damage occur-
ring despite the presence of adequate tissue glycine in those
states.
In conclusion, glycine has variable cytoprotective efficacy
against oxidative insults to isolated proximal tubules. Fe-mediated
insults associated with lipid peroxidation are relatively glycine
resistant. Severe oxidative cross linking of proteins in the absence
of lipid peroxidation is compatible with strong glycine cytoprotec-
tion. Glycine does not modify cellular indices of oxidative protein
or lipid damage except for increasing TBARS accumulation. The
data provide insights into the nature of distinct glycine-sensitive
and insensitive pathways of plasma membrane damage to isolated
tubules and suggest a contributory factor to the sensitivity of
proximal tubules to Fe-mediated damage in vivo.
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